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Abstract. The X-ray Multi-Mirror Mission XMM-
Newton is ESA’s largest observatory so far; it is dedicated
to explore the Universe in the 0.2 − 15 keV X-ray band
of the electromagnetic spectrum. Because of its large col-
lecting area very faint sources not accessible before can
be observed and it is therefore the long awaited instru-
ment to study young pulsars and neutron stars in super-
nova remnants, cooling neutron stars and millisecond pul-
sars at X-ray energies. The high throughput of the in-
struments, which all are operated simultaneously, provide
high resolution spectral, spatial and temporal information
from a source during a single observation and make XMM-
Newton unique and best suited for pulsar studies. In this
article we briefly describe the instrument capabilities use-
ful for pulsar observations and provide information on the
timing accuracy on the relative and absolute scale. We
further provide scientific results from observations of the
Crab-pulsar, PSR J1617-5055 near RCW 103, of young
neutron stars in the supernova remnants RX J0852-4622,
Puppis-A and RCW 103 including 1E161348-5055.1 which
is identified to be the second binary in a supernova rem-
nant. In addition we report on observations of the cooling
neutron star PSR B1055-52 and on the millisecond pul-
sar PSR J0030+0451 which all were observed by XMM-
Newton during the first two years of scientific operation.
1. Introduction
X-ray observatories like ROSAT, ASCA, BeppoSAX and
RXTE have achieved an important progress in neutron
star and pulsar astronomy. The identification of Geminga
and of cooling neutron stars (Halpern & Holt 1992;
O¨gelman 1995 and references therein), the discovery of
pulsed X-ray emission from millisecond pulsars (Becker &
Tru¨mper 1993) and of the first accreting X-ray ms-pulsar
SAX J1808.4-3658 (in’t Zand et al. 1998; Wijnands & van
der Klis) are only a few of the fascinating results. ROSAT’s
predominant contribution was due to its favorable soft re-
sponse down to 0.1 keV, which permitted to observe the
very soft thermal emission from the neutron stars’ surface,
but the relatively small bandwidth of up to 2.5 keV pre-
cluded any broad band study of the pulsar emission. Any
conclusive identification of the nature of the ’hard tails’
indicated in various X-ray spectra of cooling neutron stars
and ms-pulsars was therefore not possible. ASCA and the
Narrow Field Instruments on BeppoSAX, on the other
hand, were sensitive up to 10 keV and were very success-
ful in discovering young neutron stars in SNRs by their
hard X-ray emission (cf. Torii 1998; Saito 1998). The lack
of high resolution imaging, however, did in most cases not
allow to resolve any central compact X-ray source from
the surrounding plerion or supernova remnant.
The expectations from an observatory like XMM-
Newton, with its enormous collecting area, multi-
instrumentation and wide energy bandwidth are there-
fore high, especially in the field of neutron star astronomy
where the targets (apart from a few Crab-like objects) are
known to be relatively faint X-ray emitters.
XMM carries three identical X-ray telescopes, each of
which is equipped with an X-ray CCD camera in the focal
planes, called EuroPean Imaging Camera (EPIC). Two of
the cameras are constructed using Metal Oxide Semicon-
ductor technology (MOS1 & MOS2) and the third camera
is built in Positive-Negative depleted Silicon Semiconduc-
tor technology, therefore called PN-camera. About half of
each of the beams of the two telescopes operating with the
MOS’s is intercepted by Reflection Grating Spectrometers
(RGS1 & RGS2), which diffract the X-rays to two dedi-
cated CCD detectors. Optical observations can be made
with a separate co-aligned optical telescope called Optical
Monitor (OM). The instruments can be operated in par-
allel and they provide various observation modes which
are very well suited for pulsar studies. Table 1 summa-
rizes the timing modes available for the PN and MOS
detectors. Also listed are the detectors’ field of view (in
units of detector pixels and angular units) and the associ-
ated temporal resolution. Useful is the PN small-window
mode which provides imaging information for a sky field
of ∼ 4.4′×4.4′ along with spectral and a ∼ 6 ms temporal
resolution. This mode has its benefit for timing studies of
sources located in crowded regions or in supernova rem-
nants. It prevents source confusion which often is found to
be the limiting factor when using the faster timing modes.
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Table 1. Instrument modes available on XMM-Newton
for timing studies of pulsars. The image size is given in
detector pixels and angular units. FOV is the full field of
view.
EPIC PN Image size / FOV Temporal
Mode pixel / arcmin resolution
Small window 2D - 64× 64 / 4.4′ × 4.4′ 5.67 ms
Fast-timing 1D - 64× 199 / 4.4′ × 13.75′ 0.02956 ms
Burst 1D - 64× 199 / 4.4′ × 13.75′ 0.0072 ms
EPIC MOS Image size / FOV Temporal
Mode pixel / arcmin resolution
part. window1 2D - 100 x 100 / 1.8’ x 1.8’ 200 ms
part. window2 2D - 300 x 300 / 5.5’ x 5.5’ 700 ms
timing 1D - user defined pixel area ≥ 1.5 ms
Note: In PN timing modes only CCD #4 (of 12 CCDs in to-
tal) is active whereas in MOS timing modes only the central
CCD provides timing information and the remaining 6 chips
are operated in imaging mode. Burst mode is designed for
very bright sources up to 6.3 Crab only. The efficiency of the
PN small-window mode is ∼ 30% of that of the PN timing
mode. In burst mode it is only 3%. XMM’s spatial resolution
is ∼ 15” (HEW). The size of a CCD pixel is 1.1”× 1.1” and
4.125” × 4.125” for the MOS and PN camera, respectively.
For the PN fast-timing and burst modes the spatial and
spectral information from a 64 × 199 CCD pixel array
is condensed into a one dimensional 64 × 1 pixel array
(1D-image), i.e. the spatial information in Y-direction is
lost due to the continuous read-out of the CCD. In these
modes, the complete photon flux (source plus DC emis-
sion from foreground or background sources located along
the read-out direction) is accumulated and collapsed in
the final 1D-image, severely reducing the signal-to-noise
ratio and preventing the detection of X-ray pulsations
from the target of interest. Soft-proton flares which are
known to happen on various time scales and frequencies
almost unpredictable can likewise produce enough DC flux
to prevent the detection of X-ray pulsations from a pulsar
of intermediate X-ray brightness if the fast-timing mode
was selected for the observation. For pulsars with peri-
ods longer than ∼ 60 ms, the PN small-window mode is
a good choice even in view of a ∼ 30% reduced efficiency
compared with the fast-timing mode. For millisecond pul-
sar observations, however, the fast-timing mode is the only
one which provides sufficient temporal resolution for tim-
ing studies.
The strong interest in XMM-Newton, especially for
neutron star and pulsar research, is supported by the large
list of sources accepted for observations in AO1 (cf. Ta-
ble 2). The proposed science and accepted targets cover
a wide range of different categories, from young pulsars
in supernova remnants to cooling neutron stars, binary-
pulsars, old but nearby pulsars and millisecond pulsars.
Even a small survey for potentially X-ray bright rotation-
powered pulsars is included.
In the following sections we will report on the first
XMM observations of pulsars, browsing through the var-
ious categories from young Crab-like pulsars and neutron
star candidates in supernova remnants to the very old mil-
lisecond pulsars, summarizing the most exciting results.
Before we do so, however, we will briefly review the vari-
ous emission processes discussed to be the source for the
observed X-ray emission.
2. High-energy X-ray Emission Processes
As a result of observations with the satellite observatories
ROSAT, ASCA and Chandra, the number of rotation-
powered pulsars seen at X-ray energies has reached 51
(as of June 2002). Almost half of the detected pulsars
are ms-pulsars. Several of these objects have been de-
tected at optical wavelengths and at gamma-ray energies
(cf. Tab.3 and Tab.4 for a summary), advocating for multi-
wavelength studies of the pulsar emission. This approach
is of great benefit as the physical processes which cause
the emission in different wavelength bands are obviously
related to each other. Although the quality of the data ob-
tained with different instruments and/or in different wave-
bands is inevitably rather inhomogeneous, and the conclu-
sions drawn on these data are to some extent unlikely to
be solid in a number of cases, there is general consensus
that the X-radiation detected from rotation-driven pulsars
has to be attributed to various thermal and non-thermal
emission processes including the following:
• Non-thermal emission from charged relativistic par-
ticles accelerated in the pulsar magnetosphere. This
emission is characterized by power-law like spectra
over a broad energy band. The emitted radiation can
be observed from the optical to the gamma-ray band.
• Extended emission from pulsar-driven synchrotron
nebulae. Depending on the local conditions (e.g.,
matter density of the ambient medium), these nebulae
can be observed from radio through hard X-ray
energies.
• X-ray and gamma-ray emission from interaction of
relativistic pulsar winds with a close companion star
or with the wind of a companion star.
• Photospheric emission from the hot surface of a
cooling neutron star. In this case a modified black-
body spectrum and smooth, low-amplitude intensity
variations with the rotational period are expected, ob-
servable from the optical through the soft X-ray range.
In many pulsars the observed X-ray emission is due to
a mixture of different thermal and non-thermal processes.
The available data do not always allow to discriminate
between the different emission scenarios. This was true for
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Table 2. List of Pulsars which are accepted for observations by XMM-Newton during AO1. Also listed is the main
instrument (PN, MOS, RGS or OM) and the proposed exposure time in ksec. CAL indicates calibration targets
which are observed at regular time intervals for calibration purposes and in various instrument modes and setups. obs
indicates whether a target has been observed by June 2002. Category C-Targets are supposed to be optional and not
guaranteed to be observed.
ROSAT and ASCA observations and might still be true
for Chandra and XMM data.
It is well established, however, that magnetospheric
emission from charged particles, accelerated in the neutron
star magnetosphere along the curved magnetic field lines,
dominates the radiation from young rotation-powered pul-
sars with ages <
∼
5000 years. Middle aged pulsars such
as the three Musketeers PSR B0656+14, PSR B1055-52
and Geminga are seen to have composite spectra consist-
ing of two or three components which are a soft ther-
mal (cooling) and a hotter polar-cap component as well
as some hard emission associated with non-thermal pro-
cesses (cf. §4). For the millisecond pulsars, ROSAT and
ASCA did not allow to conclusively clarify whether their
emission is purely due to the presence of hot/heated polar-
caps, due to non-thermal magnetospheric emission or a
mixture of both or whether there exists even a dichotomy
among the emission properties which correlates with the
pulsar’s spin-parameters. Chandra and XMM-Newton ob-
servations of the two ms-pulsars PSR J0437-4715 and PSR
J0030+0451 (cf. §5) as well as the detection of 11 ms-
pulsars in the Globular Cluster 47TUC seem to suggest
that both, a thermal and a non-thermal emission compo-
nent are present in all ms-pulsars though it is difficult to
accomplish the gross similarity between the radio and X-
ray pulse profiles with these two (or even more) different
components at work.
3. Young Neutron Stars in Supernova Remnants
3.1. The Crab- and Vela-like Pulsars
The majority of the young Crab- and Vela-like pulsars
have been observed by XMM-Newton during AO1 with
the aim to study the pulsars’ temporal emission proper-
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ties along with a study of the pulsars’ wind nebulae or a
search for it. While a large fraction of data was delivered
to the PIs only recently and are still in the process of data
analysis, the Crab, PSR 0540-69 and PSR 1509-58 were
observed for the purpose of instrument calibration (clock
and mirrors), and have undergone a first scientific analysis
already.
Although the Crab has been observed with almost ev-
ery instrument since its discovery, it is amazing to see
how many new results were obtained with Chandra and
XMM-Newton. First images taken with the Advanced
CCD Imaging Spectrometer (ACIS) aboard Chandra have
already provided spectacular details of the inner nebula
structure associated with the pulsar-wind outflow — in
addition to the torus (r ≈ 0.38 pc) the inner ring (r ≈ 0.14
pc), jet and counter-jet have been identified (Weisskopf et
al. 2000). In the same observation, systematic variations of
the X-ray spectrum were discovered throughout the neb-
ula. A more detailed study of the spectral variations be-
came possible with the XMM data, taken in March 2000
with the EPIC detectors (Willingale et al. 2001). Figure
1 shows an X-ray image of the Crab nebula in which the
color coding is associated with the photon-index α of the
nebula’s X-ray spectrum, dN/dE ∝ E−α. This image im-
pressively illustrates the different shape of the spectra of
the torus (α = 1.8 ± 0.006), the jet (α = 2.1 ± 0.013)
and the outer nebula regions (α = 2.34 ± 0.006). Similar
results were obtained by Chandra, measuring the hard-
ness ratio distribution throughout the nebula (Weisskopf
et al. 2000). For the pulsar, a photon spectral index of
α = 1.63± 0.09 is determined from out-of-time events se-
lected along the read-out direction of the CCDs, and thus
not affected by pile-up. The spectral difference between
the jet and the torus is found to be likely due to an in-
trinsically steeper electron spectrum of the jet. The outer
regions of the nebula show the steepest spectrum, which
is likely to be due to enhanced synchrotron losses of the
electrons during their ride from the pulsar to the outskirts
(Willingale et al. 2001).
Observations with the High Resolution Imager (HRI)
aboard ROSAT has already shown that at least ∼ 75%
of the Crab-pulsar’s total soft X-ray flux is emitted from
the co-rotating magnetosphere (Becker & Tru¨mper 1997).
Recent observations with the High Resolution Camera
aboard Chandra by Tennant et al. (2001) at an angular
resolution of≤ 1 arcsec has improved this number in show-
ing that in the 0.5 − 10 keV band the pulsed fraction is
∼ 85%. The high pulsed fraction along with the monthly
published radio ephemeris (Lyne et al., 2002) makes the
Crab therefore an excellent target for the XMM-clock cal-
ibration. The Crab-pulsar was observed for that reason in
March 2000, 2001 and 2002 with the PN in timing and
burst mode, respectively. Because of the pulsar’s bright-
ness only the burst mode provides accurate spectral infor-
mation not affected by pile-up effects, though the detector
life time in that mode is only 3%. We have analyzed the
Fig. 1. The Crab as observed with the European Imaging
Camera aboard XMM-Newton. The image has been spatially
oversampled, using a bin size of 1 arcsec (instrument HEW
∼ 15 arcsec). The color coding of surface brightness and pho-
ton index is shown in the lower panel. The white contour en-
circles the region compromised by pile-up. (From Willingale et
al. 2001)
Crab data from all orbits (cf. Fig.2) and found that the
pulsar period deduced from the XMM data matches to
better than 2.5× 10−10 s the radio period given in the Jo-
drell Bank monthly Crab ephemeris (Lyne et al., 2002).
The difference is within the expected statistical uncer-
tainty1.
In addition to the relative timing we checked the accu-
racy of the XMM clock on the absolute scale by comparing
the arrival time of the Crab pulsar’s main peak with that
measured in the radio band (Lyne et al., 2002). We find
that for all XMM data the arrival of the main peak lead
the arrival of the main radio peak by 0.047±0.001 in phase
(modulo the pulsar period), corresponding to a time dif-
1 In previous versions of XMM-SAS the barycenter correc-
tion code was erroneous, leading to discrepancies of periods
derived from EPIC data and compared to, e.g. radio ephemeris
of up to ∆P/P = 7× 10−6 (Kuster et al. 2002). The code was
fixed recently (SAS 5.3 and later versions) which improved the
EPIC relative timing by three orders of magnitude.
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Fig. 2. The Crab pulse profile observed with the XMM-
Newton and Hubble Space observatories. Peaks of the main
pulse have been co-aligned in phase. A slight phase difference
between the main and the second peaks is apparent which sug-
gests a small energy dependence of the phase shift between
main and secondary pulse peak.
ference of 1.57 ms (modulo the pulsar period). Rots et
al. (2000) have analyzed all Crab data taken with RXTE
since the start of the mission in January 1996 and found
that the phase of the main X-ray peak is different from the
radio peak by ∼ 300µs. Depending on whether this phase
difference observed in RXTE data is real or only reflects
the accuracy of the RXTE timing, the phase alignment
between radio and X-ray pulses measured by XMM is un-
certain by 1.27 − 1.57 ms on the absolute scale. Careful
analysis of all modules involved in XMM’s timing are cur-
rently in progress in order to improve the absolute clock
accuracy.
Besides the Crab several other young pulsars have been
observed by XMM during the first two years of scientific
observations. One of these pulsars is PSR J1607 − 5055,
which is a 69 ms pulsar located about 7 arcmin outside
the boundary of the young supernova remnant RCW 103
(cf. Fig.9). The spin-down age of the pulsar is τ ∼ 8000
years (cf. Table 3) placing it among the youngest known
radio pulsars. An association of RCW 103 and the pulsar
was discussed but found to be unlikely (Dickel & Carter
1998; Kaspi et al. 1998). The pulsar distance is not very
well constrained. The radio dispersion measure yields a
distance of 6.1− 6.9 kpc (Taylor & Cordes 1993) whereas
Kaspi et al. (1998) conclude from a comparison between
dispersion measure based distances and distances obtained
from HI absorption measurements of PSR 1641-45 and
PSR 1718-35 - which are both located within 20o of PSR
J1607−5055 - that the pulsar could be as close as ∼ 4.5
kpc.
PSR J1607− 5055 was discovered by its X-ray pulses
in archival GINGA data (Torii et al. 1998). It was then
detected also in the radio domain (Kaspi et al. 1998).
With ASCA it was not possible to separate the pulsar
from the close by RCW 103 supernova remnant, which
limited modeling of the pulsar spectrum to energies > 3
keV (Torii et al. 2000). XMM-Newton has observed the
pulsar in September 2001 for 30 ksec and for another
20 ksec but off-center because the target was RCW 103
(cf. §3.2). The XMM data of PSR J1617−5055 provide
the first detailed pulsar spectrum in the 0.3 − 10 keV
band. Among various spectral models a power-law spec-
trum with a photon index of α = 1.1 − 1.4 (90% confi-
dence range) is found to be the simplest but acceptable
description of the spectrum up to 10 keV (χ2ν = 0.93 for
121 dof). Thus the X-ray emission is classified as non-
thermal. The emission turns out to be highly absorbed,
with NH = (2.8− 3.6)× 10
22 cm−2, prohibiting any mea-
surement of the softer cooling emission from the neutron
star surface. Figure 3 shows the energy spectrum as ob-
served by the EPICMOS1/2. The X-ray flux in the 0.5−10
keV band is fx = (4.9− 5.4)× 10
−12 erg s−1cm−2, imply-
ing a luminosity of Lx = (2.1 − 2.3) × 10
34 erg s−1 for a
distance of d = 6 kpc. The inferred X-ray conversion effi-
ciency is Lx/E˙ = 1.4×10
−3 and 3.6×10−4 in the 0.5−10
keV and 0.1− 2.4 keV band, respectively.
Diffuse X-ray emission associated with PSR
J1617−5055, either because of the presence of a
plerion or a supernova remnant, has not been detected
in the XMM-Newton data (cf. Fig.9). Chandra observed
PSR J1617−5055 in September 1999 and February 2000.
We analyzed the public archive data, and found no
indication of diffuse extended emission surrounding PSR
J1617−5055 either (Becker et al., 2002a).
In order to investigate the pulsar’s temporal X-ray
emission properties we used the data from the EPIC-PN
camera which was operated in timing mode with a tem-
poral resolution of 0.03 ms (cf. Tab.1). The presence of
the nearby RCW 103 supernova remnant required a tight
roll-angle constraint of 268o−270o for the lower and upper
position angles in order to minimize source confusion with
photons being recorded along the read-out direction of the
CCD columns in which PSR J1617− 5055 was placed. To
extract the pulsar events we selected an area of 8×199 pix-
els from the central CCD #4 of the PN camera. Accord-
ing to the fractional encircled energy function this means
that we sample about 70% of the source photons in x- and
100% in y-direction. After barycentrisation (we used the
source position RA=16:17:29.45, DEC=-50:55:13.61) and
correcting for the satellite orbit we searched for the pul-
sar period using an fft-based algorithm. To optimize the
pulsar signal we blocked off all emission below 2.5 keV
as the DC level at these energies is found to exceed the
pulsar signal due to the emission from the nearby RCW
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Fig. 3. X-ray spectrum of PSR J1617-5055 taken with
MOS1/2 and fit by a power-law.
103, which reduced the signal-to-noise ratio and the de-
tectability of the X-ray pulses significantly. But still with
the remaining events we detected strong pulsed emission
up to 15 keV. The pulse profile shows a single peak with a
duty cycle of ∼ 50% and it shows a pronounced similarity
with the radio profile at 1.4 GHz reported by Kaspi et
al. (1998). This suggests a close correlation between the
radio and X-ray emission mechanisms (cf. Fig.4). Compar-
ing the X-ray pulse profile of PSR J1617−5055 with those
observed from other young pulsars we find a striking sim-
ilarity with PSR 1509-58 and PSR 0540-69. For the epoch
MJD=52155.5992851784, which is the mean epoch of the
XMM observation in TDB at the solar system barycenter,
we measure a period of P = 69.37252615720 ms. The ac-
curacy of the XMM clock against UTC is good enough to
measure the arrival time of the X-ray pulse which we find
at phase 0.65 (center of mass of the pulse) for the epoch
given above.
In order to investigate the energy dependence of the
X-ray pulse we performed a timing analysis separately for
the 2.5− 4.5 keV, 4.5− 9.0 keV and 9.0− 15 keV bands.
Neither the overall shape of the pulse nor its phase is found
to change with energy. The pulsed fraction we measured
in the different energy bands using a bootstrap method
(Swanepoel et al. 1996) is 48± 4%, 57± 4% and 69± 19%
in the 2.5−4.5 keV, 4.5−9.0 keV and 9.0−15 keV bands,
respectively. The fraction of the pulsed flux in the 2.5−15
keV band is 53± 3%.
3.2. Radio-silent Neutron Stars in Supernova Remnants
A fascinating result reflecting the advantage of wide-field
spectro-imaging observations provided by ROSAT in
its all-sky survey (RASS) is the discovery of the super-
nova remnant RX J0852.0-4622 by Aschenbach (1998).
The remnant is located along the line of sight towards
the south-east corner of the Vela supernova remnant
(cf. Fig.5). Because the Vela SNR dominates the emission
Fig. 4. X-ray and radio pulse profiles of PSR J1617-5055 as
observed in the 2.5−15 keV band with the XMM EPIC-PN and
at 1.4 GHz with the Parkes Radio Telescope. Both the X-ray
and the radio profile show a single peak. The X-ray pulse has
a duty cycle of ∼ 50% in the 2.5-15 keV band.Two pulsation
cycles are shown for clarity. (The radio pulse profile has been
adopted from Kaspi et al. 1998)
in the soft band, RX J0852.0-4622 is best visible in the
RASS data at energies above ∼ 1 keV. The remnant has
a circular shell-like shape with a diameter of 2 degrees.
Although the distance to the remnant is quite uncertain,
its free-expansion age (t ∼ 3.4 × 103v−15k d1kpc yr, with v5k
as expansion velocity in units of 5000 km/s) suggests
a remnant age much younger than that of Vela. RX
J0852.0-4622, often denoted as Vela-Junior because of its
young age, turns out to be remarkable in several aspects.
COMPTEL data suggest that the remnant has a 1.157
MeV γ-line from the radioactive isotope 44Ti exclusively
produced in supernovae (Iyudin et al. 1998). If true, the
remnant could be as young as ∼ 620 years and as close
as ∼ 200 pc (Aschenbach et al. 1999), making it the
closest and youngest supernova remnant among the ∼ 250
remnants known today (Green 2000). However, as the
detection of the 44Ti line is of low significance, it leaves
the age and distance estimates of the remnant widely
unconstrained, but see Aschenbach et al. (1999) for a
detailed discussion. ASCA observations have shown that
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B1823  13 Vela like p - d - - - 1:4  10
 9
36.45 33.39  33:9 4.33 101:45 74:95 4.12 12.45
B1800  21 G8.7 0.1 p - d - - - 1:2  10
 9
36.35 33.06  33:8 4.30 133:61 134:32 3.94 12.63
B1929+ 10 p d p - - - 1:1  10
 9
33.59 30.00 29.5  31:4 6.49 226:51 1:16 0.17 11.71
B0656+ 14 ooling NS p p p - - ? 5:5  10
 10
34.58 32.98 32.15 32:9 5.05 384:87 55:03 0.76 12.67
B0540  69 in N158A,LMC p p p p - - 5:1  10
 10
38.17 36.21 36.1 37.2  36:1 3.22 50:37 479:06 49.4 12.70
J1105  6107 p - d - - - 4:3  10
 10
36.40 4.80 63:19 15:80 7.00 12:00
B0950+ 08 p ? d - - - 3:3  10
 10
32.75 29.35  31:0 7.24 253:06 0:23 0.12 11.39
B1610  50 p - d - - - 2:5  10
 10
36.20 3.87 231:60 492:54 7.26 13.03
J0538+ 2817 in G180.0 1.7 p - d - - - 1:3  10
 10
34.69 32.74  33:6 5.79 143:15 3:66 1.50 11.87
B1055  52 ooling NS p d p - - p 1:1  10
 10
34.48 33.42 32.57 33:5 5.73 197:10 5:83 1.53 12.03
B0355+ 54 p - d - - - 8:8  10
 11
34.66 31.96  33:8 5.75 156:38 4:39 2.07 11.92
B2334+ 61 G114.3+0.3 p - d - - - 8:6  10
 11
34.79 31.86  33:4 4.61 495:24 191:91 2.46 12.99
B0823+ 26 p - d - - - 2:6  10
 11
32.66 29.83  31:0 6.69 530:66 1:72 0.38 11.99
Table 3. List of rotation-powered pulsars that have been deteted in the radio, optial, X- and/or -ray wavebands, ordered aording to their spin-down ux
density at Earth
_
E=4d
2
. The individual olumns are as follows: 1. Pulsar name; 3-8. Energy ranges in whih pulsed (p), unpulsed (d) radiation has been deteted:
R { radio, O { optial, X
s
{ soft X-rays (E

 1keV), X
h
{ hard X-rays (E

 10keV), 
s
{ soft -rays (E

 1MeV) and 
h
{ hard -rays (E

> 100MeV).
Possible detetions are indiated by a question mark.
_
E is the pulsar spin-down power I

_

; L
tot
x
= 4d
2
f
x
is the sum of the pulsed and unpulsed X-ray luminosity.
L
puls
x
is the pulsed luminosity; L
pn
x
is the total X-ray luminosity inluding synhrotron nebula emission. All luminosities L
x
are alulated for the ROSAT energy
range 0:1  2:4 keV. For Geminga, PSR 0656+14 and 1055-52 thermal and non-thermal ontributions are inluded. L
1
bol
is the bolometri luminosity. The upper
limits have been omputed for a neutron star with a medium sti equation of state (FP-Model, M = 1:4 M

and R = 10:85 km).

PSR 1259-63 was observed
 13
Æ
post-apastron. For referenes see Beker & Tr

umper (1997; 1999) and Beker & Pavlov (2002) and referenes therein. Radio pulsar parameters have been
taken from Manhester et al. (2002). A summary of the optial and -ray observations an be found in Caraveo et al. (2002) and Kanbah (2002, this proeedings).
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Fig. 5. Vela and friends: The two supernova remnants Puppis-
A and RX J0852.0-4622 are both located at the edge of the Vela
supernova remnant. Emission from the neutron star CXOU
J085201.4-461753 is clearly visible in the ROSAT all-sky survey
image near to the center of RX J0852.0-4622.
the X-ray emission of the brightest parts of the remnant
are dominated by non-thermal emission (Tsunemi et
al. 2000; Slane et al. 2001) with a column density about
one order of magnitude larger than what is known for
the Vela supernova remnant. Together with SN1006
and G347.3-0.5, RX J0852.0-4622 thus form the first
members of the exclusive group of non-thermal shell-type
supernova remnants, believed to be accelerators of cosmic
rays. The lack of strong variation in NH across RX
J0852.0-4622 further indicates that the remnant cannot
be more distant than the Vela Molecular Ridge (Slane et
al. 2001), locating it most likely behind the Vela remnant
at a distance between 1-2 kpc.
The remnant and its emission properties are interest-
ing by its own and justify deep and detailed X-ray stud-
ies, but a compact central X-ray source has been detected
in the remnant as well. First recognized as a 5σ excess
in the RASS data by Aschenbach et al. (1998) its exis-
tence was supported by the detection of a hard, some-
what extended X-ray source in the ASCA data (Tsunemi
et al. 2000; Slane et al. 2001). To conclusively identify
this source as the compact remnant of the supernova ex-
plosion that created RX J0852.0-4622 was not possible be-
cause of the presence of two foreground stars (HD 76060
and Wray 16-30) which could be responsible for at least
part of the central X-ray emission. But a recent obser-
vation with the Chandra ACIS-I has clearly invalidated
the association with either one of these stars (Pavlov et
al. 2001) and another faint but hard X-ray source found
by Mereghetti (2001) in a recent BSAX observation. In
view of this, there is little doubt that the central X-ray
source CXOU J085201.4-461753, located only 4 arcmin
off the geometrical center of RX J0852.0-4622, indeed is
the compact remnant of the supernova explosion. This is
further supported by the fx/fopt ratio as the source has no
optical counterpart brighter than mB ∼ 22.5. The short 3
ksec Chandra observation provides only an accurate po-
sition for CXOU J085201.4-461753. Spectral analysis is
strongly hampered by small photon statistics and pile-up
effects (Pavlov et al. 2001). There is no extended X-ray
emission reported from this short Chandra observation.
The central part of RX J0852.0-4622 was observed on
2001 April 27 by XMM-Newton in the course of the guar-
anteed time program (Becker et al. 2002a). The exposure
time was ∼ 25 ksec. In all observations, the MOS1/2 and
the PN cameras were operated in full-frame and extended
full-frame mode, respectively. An image of the central part
of RX J0852.0-4622 as seen with the MOS1/2 is displayed
in Fig.6. CXOU J085201.4-461753 is the brightest source
in the field. It is located at the western edge of a faint
diffuse and irregularly shaped X-ray structure. The ex-
tended emission was already visible in ASCA images, but
less resolved from the neutron star because of ASCA’s
wider point spread function. As the whole remnant emits
non-thermal X-ray emission along with a small thermal
contribution from the Vela remnant, it was not possible to
conclusively identify the extended structure in the ASCA
images as plerionic (Slane et al. 2001). The XMM-Newton
observation thus allowed for the first time a somewhat
more detailed view of the field. The extended source has a
size of ∼ 9′× 14′ and emits mostly in the soft band below
∼ 2 keV. A MOS1/2 image showing the field in the 2.0-
12 keV band is displayed in Fig.7. No significant emission
from the extended structure is visible beyond ∼ 2 keV.
Fitting model spectra to the data from CXOU
J085201.4-461753, we tested the usual blackbody and
power-law models as well as models consisting of two
blackbody components and a blackbody and power-law
component, respectively. With a reduced χ2 of 0.952 (for
218 dof) the single blackbody model provides an ex-
cellent fit to the data, implying a column density of
NH = (3.7 − 4.3) × 10
21cm−2, a temperature in the
range (4.28 − 4.50) × 106 K and a formal emitting area
of Rbb = (0.31 − 0.36) km for an assumed distance of
1 kpc. The unabsorbed X-ray flux and luminosity are
fx = (1.82−2.96)×10
−12 erg cm−2s−1 and Lx(d=1 kpc) =
(2.17 − 3.53) × 1032 erg s−1 in the 0.5 − 10 keV band,
respectively. All parameters are given for a 90% confi-
dence range. Compared with the blackbody fit, the power-
law model is invalidated by a larger reduced χ2 of 1.21
and residuals which indicate systematic deviations from
the measured data points. The fitted photon index of
α = 4.38 − 4.62 is much steeper than what is usually
found in other young neutron stars which are well known
for their non-thermal emission. The blackbody fit, how-
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Fig. 6. XMM’s view of the ∼ 30 arcmin diameter part cen-
tered on RX J0852.0-4622. Data from MOS1 and MOS2 have
been merged to produce the image. A few other faint and point-
like sources, indicated by circles, are detected in the field of
view.
Fig. 7. The central part of RX J0852.0-4622 in the energy
band 2.0 − 12 keV. Only very faint residual emission from
the extended structure surrounding CXOU J085201.4-461753
is visible.
ever, indicates a small unmodeled emission in the hard
band beyond ∼ 3 keV. We therefore tested a compound
model consisting of a blackbody and an additional power-
law component and fitted the non-thermal spectrum with
Fig. 8. The spectrum of CXOU J085201.4-461753 obtained
with XMM MOS1/2 and fitted with a blackbody plus power-
law model. The residuals of the fit are shown.
a photon index of α = 2.85± 1.5. The flux and luminosity
of these component are fx = 3.7× 10
−13erg s−1cm−2 and
Lx(d=1 kpc) = 4.4× 10
31 erg/s.
The temperature along with the small size of the emit-
ting region invalidates the interpretation that the thermal
radiation is emission from cooling of the entire neutron
star surface. If the blackbody model is the right descrip-
tion it points towards emission from a hot polar cap re-
gion on the neutron star surface. In the literature various
models have been proposed to produce hot spots on the
neutron star surface. Almost all magnetospheric emission
models predict a bombardment of the polar cap regions
by energetic particles accelerated in the magnetosphere
backwards to the neutron star surface (cf. Cheng, Ho &
Ruderman 1982; Harding & Muslimov 2002 and references
therein). Though CXOU J085201.4-461753 is not known
to be a radio pulsar it still could be possible that the hot
polar caps are heated by particle bombardment while the
radio emission itself is undetected due to an unfavorable
beaming geometry. This is not an unlikely scenario. The
opening angle of a radio beam is inversely proportional to
the square root of the pulsar’s rotation period so that the
radio beams of slowly rotating pulsars can easily miss the
observers line of sight and thus keep undetected.
The heat transport in neutron stars is accomplished by
electrons and positrons. A strong magnetic field is there-
fore expected to have an essential impact on the neutron
star cooling as it channels the heat transport along the
magnetic field lines and suppresses it in the perpendicular
direction. Neutron star cooling with a full treatment of a
strong magnetic field thus should lead to an anisotropic
heat flow and subsequently to an anisotropic surface tem-
perature distribution, with the polar cap regions hotter
than the equatorial regions.
A great advantage of the CCD based EPIC detectors
aboard XMM is that they not only provide spatial and
high resolution spectral information but have observing
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modes which are fast enough for timing studies even of
millisecond pulsars (Becker et al. 2002; Kuster et al. 2002,
Kendziorra et al. 2002). During the observation of CXOU
J085201.4-461753 the MOS1/2 and PN cameras were op-
erated in full frame and extended full frame mode, provid-
ing a temporal resolution of 2.6 s and 200 ms, respectively.
While this is not fast enough to search for coherent pulsa-
tions on a millisecond time scale, it allows to search the sig-
nal for periodicities in a period range in which anomalous
X-ray pulsars (AXPs) are seen. Application of fft-based
search algorithms along with a more detailed periodicity
search around possible frequency candidates, however, did
not result in a detection of a significant periodic signal.
Another example of a radio silent neutron star in a
supernova remnant is 1E 161348−5055, the projected lo-
cation of which is in RCW 103 (cf. Fig.9). This source
was discovered with the Einstein Observatory (Tuohy &
Garmire 1980) and has an estimated age of ∼ 2000 yrs.
The remnant is mostly known for its central point source,
which was considered for many years to be the prototype
of a cooling neutron star. No X-ray pulsations and no radio
or optical counter part could be detected. ROSAT observa-
tions suggested that the source emits hard X-rays (Becker
et al. 1993). Comparing two ASCA observations of RCW
103 Gotthelf, Petre & Vasisht (1999) found an order-of-
magnitude decrease in luminosity over four years, which
suggests that this object may be an accreting source rather
than a cooling neutron star. Likewise puzzling is the ∼ 6h
periodicity of its flux reported by Garmire et al. (2000)
from Chandra observations and archival ASCA data.
XMM has observed RCW 103 in September 2001 for
an exposure time of 20 ksec. Figure 9 shows a false color
image of the remnant, derived from the XMM MOS1/2
data. These data provide for the first time detailed spec-
tral information on the central point source. Chandra has
observed the remnant in September 1999 and February
2001. Albeit superior imaging, small counting statistics in
the first observation and severe pile-up effects in the sec-
ond observation preclude a meaningful spectral analysis.
The energy spectrum of 1E 161348−5055 extracted from
XMM MOS1/2 data is shown in Fig. 10. The status of the
detector response matrix which is available for the EPIC-
PN small-window mode and which is still preliminary, did
not allow to include this data in the analysis up to now,
but will provide additional spectral information in the
0.3− 10 keV band. Fitting various spectral models to the
MOS data a simple blackbody was found to describe the
data almost up to ∼ 5 keV, but leaving unmodeled hard
emission beyond. A single power-law fit is acceptable on
statistical grounds but requires a photon spectral index of
4.1− 4.2. Testing two component models, a double black-
body is found to describe the data best (χ2ν = 1.0 for 287
dof), resulting in NH = (1.5− 1.8)× 10
22 cm−2, tempera-
tures of T1 = (4.1−5.1)×10
6 K and T2 = (8.3−10)×10
6
K with Rbb1 = 1.7− 3 km and R
bb
2 = 220− 500 m for the
blackbody radii of the emitting areas (assuming a distance
Fig. 9. XMM MOS1/2 image of the supernova remnant RCW
103. The red color represents photons in the 0.3 − 0.75 keV
band, green and blue correspond to ∼ 0.75− 2 keV and 2− 10
keV, respectively. The neutron star candidate is the hardest X-
ray source in the remnant. The 69 ms pulsar PSR J1617−5055
is located 7 arcmin off the supernova center. The remnant ex-
tent is ∼ 10′.
Fig. 10. X-ray spectrum of 1E 161348−5055 in RCW 103 ob-
tained from XMM MOS1/2 data. The spectrum is fitted by a
two component blackbody model. Red and black data points
are from the MOS1 and MOS2 cameras, respectively. A small
spectral feature is seen at ∼ 0.98 keV.
of d = 3.3 kpc). The given numbers represent the 90% con-
fidence range. This result suggests that the first thermal
component is emitted from a rather large fraction of the
surface, whereas the second component requires a much
smaller emitting area like a polar cap region. Compared
with the surface temperatures predicted by neutron star
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Fig. 11. X-ray lightcurve of 1E 161348−5055 observed with
Chandra (a.) and XMM-Newton (b.) in September 1999 and
2001, respectively. The Chandra lightcurve indicates a sinu-
soidal modulation with a period of ∼ 6h. The lightcurve ob-
served by XMM-Newton shows for the first time clear indi-
cation of an eclipse and thus identifies 1E 161348−5055 as a
neutron star in a binary system (Becker 2001).
cooling models, T1 is much higher than what is expected
for a ∼ 2000 yr young neutron star.
In addition to the long term flux change the Chan-
dra data suggested a ∼ 6h periodicity. Archival ASCA
data were found to be consistent with this. However, a
second Chandra observation taken in Feb 2000 did not re-
ally confirm this periodicity and was more consistent with
a ∼ 4h period, although 1E 161348−5055 was about ten
times brighter at that time than in September 1999. It
was therefore of special interest to see the lightcurve of
1E 161348−5055 taken with XMM-Newton in September
2001. Figure 11 shows the lightcurve taken with Chan-
dra and XMM-Newton in September 1999 and 2001, re-
spectively. The lightcurve taken by XMM-Newton does
not show the ∼ 6h periodicity but discovers an eclipse
about 3h after the start of the observation, identifying
1E 161348−5055 as the second accreting binary in a super-
nova remnant. The companion most likely is a low-mass
companion. Chandra observations taken in March 2002
confirm the XMM findings (Sanwal et al., 2002). The dis-
covery of a candidate optical counterpart in the near-IR
was reported by Pavlov et al. (these proceedings).
Similar to the previous examples is the point source
RX J0822−4300 in Puppis-A (cf. Fig.5). With a distance
of about 2.2 kpc the remnant is further away than the Vela
supernova remnant. The kinematic age is estimated to ∼
3500− 4000 years, and is therefore a factor of about three
younger than the Vela SNR. Discovered in Einstein data, it
became evident with ROSAT that RX J0822−4300 is most
likely the neutron star expected to form in the SN event
(Petre, Becker & Winkler 1996). As for CXOU J085201.4-
461753 there is no radio emission detected from this source
down to 0.75 mJy and no optical counterpart could be
detected down to an observation limit of about 24 mag.
In order to study the nature of RX J0822-4300 in
greater detail, the central part of Puppis-A was observed
by XMM-Newton in April and December 2001 for 20 kec
and 30 ksec, respectively. Figure 12 shows the false color
image of the central part of the remnant taken with the
two MOS1/2 cameras in April 2001. Like in RCW 103,
the neutron star candidate is the hardest X-ray source in
the remnant.
The analysis of the RX J0822−4300 emission re-
veals an X-ray spectrum similar to that observed for
1E 161348−5055. Fitting the data with a simple black-
body model doesn’t describe the spectrum beyond ∼ 3
keV. A two component blackbody model and a model
consisting of a blackbody and a power-law are fitting the
spectrum equally well. The double blackbody spectrum
yields NH = (3.6 − 4.4) × 10
21 cm−2, temperatures of
T1 = (3.4− 4)× 10
6 K and T2 = (0.6− 1.3)× 10
7 K with
Rbb1 = 1.4−1.8 km and R
bb
2 = 40−310 m for the blackbody
radii of the corresponding emitting areas (assuming a dis-
tance of d = 2.2 kpc). A model consisting of a blackbody
and a power-law yields similar results for the dominat-
ing blackbody component (NH = (2.9− 3.6)× 10
21cm−2,
T = (4.3 − 4.5) × 106 K, Rbb = 1.1 − 1.3 km) but
fits the hard emission with a power-law of photon-index
α = 2.0−2.7 (90% confidence). This slope is in agreement
with what is observed for other young pulsars showing
magnetospheric emission.
Zavlin et al. (1999) have modeled the ROSAT data of
RX J0822−4300 including a hydrogen atmosphere on top
of the neutron star. These models reduce the temperature
of the thermal component by a factor of ∼ 2 and require a
somewhat larger size for the emitting region. Spectral fits
which take into account models of a non-magnetic neutron
star atmosphere of pure H or He are currently in progress.
The X-ray luminosities based on the two component mod-
els are in the range Lx = (3− 4)× 10
33 erg/s.
The EPIC-PN camera observed RX J0822−4300 in
small-window mode restricting the field of view to 4′ × 4′
but with a time resolution of 6 ms. Using archival ROSAT
data of RX J0822−4300 Zavlin et al. (1999) found evi-
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Fig. 12. False color image of the central part of Puppis-
A, depicting an area of 15 arcmin in radius centered on
RX J0822−4300. The red color represents photons which are
detected in the 0.3 − 0.75 keV band, green and blue corre-
spond to ∼ 0.75−2 keV and 2−10 keV, respectively. Note the
amazing honeycomb structure seen in the remnant emission.
dence for X-ray pulsations with a period of ∼ 75.3 ms.
The XMM-Newton data, however, which are of much bet-
ter statistical quality than the ROSAT data do not confirm
this periodicity, leaving the rotation period of the neutron
star candidate unknown.
From the observations of radio-silent compact objects
in supernova remnants one can conclude that the emission
properties of such sources are quite different compared to
ordinary radio pulsars. On the other hand, it is very plau-
sible that they are more common than radio pulsars, and
the relatively small number of the members of this class
discovered so far is mainly due to observational selection
effects. It is much easier to detect and identify active radio
or X-ray pulsars than these “radio-quiet” sources observ-
able only in the X-ray band and located in a patchy X-ray
bright supernova remnant environment.
4. The cooling neutron stars
As discussed in §2, soft X-ray radiation of rotation-
powered pulsars of an age between ∼ 105 − 106 yrs
should be dominated by emission from the cooling hot
neutron star surface. These pulsars are old enough for
their magnetospheric emission to become fainter than the
thermal surface emission, but they are still young and
hot enough to be detectable in the soft X-ray range.
There are three middle-aged pulsars, i.e. Geminga, PSR
B0656+14 and B1055−52, from which thermal X-ray ra-
diation from the surface of the cooling neutron star has
Fig. 13. X-ray spectrum of the point source RX J0822−4300
in Puppis-A derived from XMM MOS1/2 data. The spectrum
is fitted by a two component blackbody model. Red and black
data points represent the data taken with the MOS1 and MOS2
cameras, respectively. The residuals of the fits shown below
shown amount to a reduced χ2
ν
value of 0.9444 for ν = 244
degrees of freedom.
certainly been observed. Because of the similarity of their
emission properties, they were dubbed as the three Mus-
keteers by Becker & Tru¨mper (1997). It follows from the
ROSAT and ASCA observations of the brightest middle-
aged pulsar B0656+14 that the thermal component can-
not be described by a single temperature blackbody spec-
trum, i.e. the neutron star surface temperature is not uni-
form (Greiveldinger et al. 1996). In a simple model the
thermal component consists of a soft thermal component
(TS) from most of the neutron star surface (at E<
∼
0.5− 1
keV) and a hard thermal component (TH) from hot polar
caps, heated by relativistic particles, for instance. Alter-
natively, the temperature non-uniformity can be due to
an anisotropic heat conductivity in the neutron star crust
caused by the anisotropic magnetic field — the heat flux
across the field is reduced whereas it is preferred in di-
rections perpendicular to the field, so that the magnetic
poles are expected to be hotter than the equatorial re-
gions (Potekhin & Yakovlev 2001). The thermal compo-
nent dominates in the UV through the soft X-ray range
(up to 1 − 2 keV), whereas the non-thermal component
described by a power-law (PL) spectrum prevails in the
IR, optical, hard X-ray and gamma-ray bands.
PSR 1055-52 and Geminga are not as luminous as
PSR 0656+14. Their spectra measured by ROSAT and/or
ASCA are well described by a two component model con-
sisting of a blackbody (TS) and a non-thermal (PL) com-
ponent. Whether a second thermal spectral component
(TH) was not detected because of poor counting statis-
tics or whether the component is intrinsically absent has
been a pending question which prompted observations
with XMM-Newton.
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Fig. 14. X-ray spectrum of PSR 1055−52 derived from
ROSAT and XMM MOS1/2 data. As for PSR 0656+14 the
spectrum requires three components consisting of two ther-
mal (TS+TH) and a harder non-thermal power-law component
(PL). The green points represent ROSAT data. Red and black
points represent MOS1 and MOS2 data, respectively.
PSR 1055-52 was observed by XMM-Newton for about
96 ksec in December 2000. The X-ray spectrum is shown
in Figure 14. It is interesting to note that the two com-
ponent spectral model which describes the ROSAT and
ASCA data does not fit the pulsar spectrum observed
by XMM-Newton (Becker 2001). Including the ROSAT
data in the spectral analysis, 3 spectral components are
required to fit the spectrum in the wide band from 0.1−10
keV. The pulsar’s spectral properties are thus indeed
found to match those observed in PSR 0656+14. The soft
thermal component (TS) yields a blackbody temperature
of TTS = (7.1 ± 0.3) × 10
5 K, similar to what was ob-
tained from the ROSAT data with a somewhat smaller
error, though. The second and harder thermal compo-
nent (TH) is described by TTH = (1.4 ± 0.1) × 10
6 K.
The corresponding blackbody emitting areas are RTS =
31 ± 2 km and RTH = 2.6 ± 0.3 km, respectively, as-
suming a distance of 1.5 kpc. The non-thermal compo-
nent (PL) is described by a power-law with a photon
index of α = 1.89 ± 0.32. The column absorption is
NH = (2.1−2.4)×10
20 cm−2 (all errors represent 90% con-
fidence limits). For the unabsorbed flux in the 0.5−10 keV
band we obtain for each of the three components fTSx =
2.3× 10−13 erg s−1cm−2, fTHx = 2.1× 10
−13 erg s−1cm−2
and fPLx = 1.4 × 10
−13 erg s−1cm−2. The corresponding
bolometric luminosities are LTS = 1.74×10
33 erg s−1 and
LTH = 1.9× 10
32 erg s−1. For the luminosity of the non-
thermal component we obtain Lx = 3.8 × 10
31 erg s−1.
More detailed results on the pulsar spectrum as well as
the results of a phase resolved spectral analysis are given
in Becker et al. (2002b).
It should be stressed that the inferred effective temper-
atures, and hence the radius-to-distance ratios, depend on
the model used to describe the thermal component. For
instance, if one assumes that the neutron star surface is
covered by a hydrogen or helium atmosphere, the effective
temperatures are lower than those derived from the simple
blackbody fits by a factor of 1.5 − 3 (Pavlov et al. 1995).
Atmospheres dominated by heavy elements give tempera-
tures close to the blackbody temperatures. However, the
heavy element atmosphere spectra should show numerous
absorption lines and photo-ionization edges (Rajagopal &
Romani 1996; Zavlin et al. 1996). Recent observations by
Chandra and XMM-Newton of PSR 0656+14 (Marshall &
Schulz 2001) as well as of the neutron stars RXJ 1856.5-
3754 (Burwitz et al. 2001) and RX J0720.4-3125 (Paerels
et al. 2001) have not shown any sign for line emission
from a neutron star atmosphere but are perfectly consis-
tent with a pure blackbody like emission.
The X-ray pulses of PSR 1055−52 were discovered by
O¨gelman & Finley (1993) using ROSAT data. The tempo-
ral emission properties were found to indicate a phase shift
of about 100◦ at 0.5− 0.6 keV accompanied by an appar-
ent increase in the pulsed fraction from ∼ 10% to ∼ 65%.
Although the narrow bandwidth of ROSAT along with a
decreasing sensitivity beyond 1 keV resulted in large errors
of the energy dependent pulsed fraction and phase shift,
it was suggested that this dichotomy is associated with
the thermal and non-thermal emission components seen
in the pulsar’s X-ray spectrum. The non-thermal magne-
tospheric emission is expected to be stronger beamed than
the thermal one. Magnetospheric emission thus could show
up with a pulsed fraction of up to 100%, depending on the
viewing geometry.
XMM-Newton has observed PSR 1055-52 with the
EPIC-PN camera set up in timing mode. As described
in the introduction (cf. §1), this mode is very sensitive to
any enhanced background emission which is accumulated
over the whole CCD and condensed along with the source
signal into a 1D-image. After barycentering the photon ar-
rival times and correcting for the satellite orbit, the tim-
ing signal is detected with high significance. The X-ray
pulse profiles, which are shown for different energy bands
in Fig.15, are all approximately sinusoidal. A reason for
this sinusoidal shape could be the non-uniformity of the
surface temperature due to the presence of a strong mag-
netic field of ∼ 5× 1012 G, as discussed above.
Figure 16a shows the pulsed fraction Pf as a function
of photon energy. Pf increases from ∼ 15% in the 0.3−0.4
keV band up to ∼ 80% in the 1.1−1.2 keV band. The frac-
tion of the pulsed flux at higher energies is undetermined
in the EPIC-PN data. The observed decrease at E ≥ 1.3
keV is due to an enhanced background signal, caused by
soft proton flares which contaminate the observation and
which can not be corrected for. The high background to-
gether with a fast decline of the pulsar emission beyond
∼ 2 keV causes a strong reduction of the signal-to-noise
ratio in the hard energy band, preventing the detection of
X-ray pulsations in the EPIC-PN data from most of the
non-thermal (PL) emission component. The phase angles
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Fig. 15. X-ray pulse profiles of PSR 1055−52 for different
energy bands. The pulse profile is sinusoidal. Two complete
cycles are shown for clarity. The energy dependent phase shift
in the 0.3− 3 keV band is not as significant as suggested from
ROSAT observations.
of the X-ray pulses observed in different energy bands is
shown in Figure 16b. The XMM data indicate that the en-
ergy dependence of the pulse phase is by far not as strong
as indicated by ROSAT. This can also be seen in the pulse
profiles shown in Fig. 15.
Since all active pulsars are powerful sources of strong
winds, one should expect that they generate pulsar-wind
nebulae (PWNe), similar to those observed around the
Crab-like and Vela-like pulsars. The PWN sizes should
scale as (E˙/p0)
1/2, where p0 is the pressure of the am-
bient medium. The existence of X-ray bright PWNe (al-
beit of much larger sizes) around several pulsars, including
the three musketeers, was reported by Kawai & Tamura
(1996) based on ASCA observations. In addition, the
suggestion of a clumpy pulsar-wind nebula near to PSR
B1055−52 was made by Shibata et al. (1997). The authors
proposed the ”clumps” of X-ray emission to be created by
the interaction of a pulsar-wind outflow with the local in-
terstellar environment. The very low signal-to-noise ratio
Fig. 16. a. Fraction of pulsed flux vs. photon energy observed
for PSR 1055−52 by XMM-Newton. The pulsed fraction peaks
at ∼ 1.1 keV and decreases beyond that energy. The decrease
goes along with a decreasing signal-to-noise ratio which we sug-
gest to be caused by the fading pulsar signal at higher energies
in combination with a high DC level from soft-proton flares
which are present over the whole observation. Note the dip
in the pulsed-fraction at ∼ 1 keV. b. Pulse phase vs. photon
energy. The XMM-Newton data are in agreement with no sig-
nificant phase shift in the 0.4-3 keV band. A significant pulsed
signal is seen up to ∼ 3 keV only.
of the ”clumps”, however, limited any detailed analysis
based on just the ASCA data. In an analysis combining
BeppoSAX and ROSAT data, Becker et al. (1999) con-
firmed the existence of X-ray sources surrounding PSR
1055−52 but came to a different conclusion with respect
to its interpretation. With ROSAT, and partly with Bep-
poSAX, the clumpy X-ray emission was resolved as the
superposition of a number of point sources, well separated
from the pulsar and unlikely to be associated with it. Sev-
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Fig. 17. The X-ray sky around PSR 1055-52 as seen by the
MOS1/2 detectors in the 0.3 − 12 keV band. The inset in the
lower-right corner is a zoomed view on the central 4′ × 4′ field
around PSR 1055-52 for 2-12 keV. The arrow indicates the X-
ray source XMMU J105801.8-522639 which is located ∼ 30”
offset from PSR 1055-52 which is the brightest source in the
image.
eral of these sources were found to have optical and radio
counterparts using the DSS2 and a radio image taken by
Stappers et al. (1999) at 1.4 GHz.
The ROSAT data in the 1.0−2.4 keV band were quite
limited as far as the photon statistics of the X-ray sources
neighboring PSR 1055−52 is concerned. It was therefore
of special interest so see this sky region observed by XMM-
Newton, which provides a sensitivity about a factor of 10
higher than ROSAT. The X-ray sky around PSR 1055-52
as seen by XMM-Newton in the 0.3−12 keV band is shown
in Fig.17. Apart from the many X-ray sources detected in
the field the source denoted by Becker et al. (1999) as C1
appears to be extended by about 1×4 arc-minutes. Its lo-
cation coincides with that of four faint radio point sources
some of which have optical counterparts detected in the
DSS2 (Becker et al. 1999). Similar results are found for
the other putative X-ray clump C2. Interesting to note is
an X-ray source located 30” offset from the pulsar position
(cf. the inset in Fig.17). This source, denoted as XMMU
J105801.8-522639, shows up only in the hard band and was
not recognized in any other observation of PSR 1055-52
so far. Inspecting the data from the XMM-Newton optical
monitor we found that XMMU J105801.8-522639 has no
optical counter part down to mv ∼ 22. The radio image
of Stappers et al. (1999) shows a faint radio source near
to PSR 1055-52 which roughly matches with the position
of XMMU J105801.8-522639. It might be the radio coun-
terpart of XMMU J105801.8-522639.
5. The millisecond Pulsars
By the middle of 2002, about 100 millisecond pulsars have
become known, out of which 57 are located in the galactic
plane (Camilo 1999; Lommen et al. 2000; Manchester et
al. 2000). The others are in globular clusters (Kulkarni &
Anderson 1996; Camilo et al. 2000, D’Amico et al. 2001)
which provide a favorable environment for the recycling
scenario (Rasio, Pfahl & Rappaport 2000). Only 10 of the
57 galactic plane ms-pulsars are solitary (including PSR
B1257+12 which has a planetary system); the rest are in
binaries, usually with a low-mass white dwarf companion.
Millisecond pulsars were studied exclusively in the ra-
dio domain until the early 1990’s when PSR B1957+20
was detected by ROSAT (Kulkarni et al. 1992; Fruchter
et al. 1992). Unfortunately only a handful of counts were
recorded from this object so that no detailed data anal-
ysis was possible. The identification was based on the
positional coincidence with the radio pulsar. The first
ms-pulsar with X-ray pulsations was PSR J0437−4715
(Becker & Tru¨mper 1993). Since then further detections
followed (Halpern 1996; Verbunt et al. 1996; Danner et
al. 1997; Saito et al. 1997; Takahasi et al. 1999; Becker et
al. 1998a; Becker et al. 1998b; Becker et al. 1999; Mineo
et al. 2000, Becker et al. 2000, Grindlay et al 2002) which
three years after the launch of Chandra and XMM-Newton
sum up to almost 50% of all X-ray detected rotation-
powered pulsars. Table 4 provides an up-to-date summary.
Although for most of these objects no detailed spec-
tral and temporal information is available, the number of
detected counts allows at least an estimate of the X-ray
flux and luminosity assuming a standard X-ray spectrum
(cf. Tab.4). XMM-Newton will observe several of these
pulsars during AO1 (cf. Tab.2) and hopefully will provide
the required spectral and temporal information to finally
identify the emission mechanism responsible for the ob-
served X-ray emission. Chandra and HST observations of
the ms-pulsars detected in 47TUC are scheduled for Oc-
tober 2002 so that also for these objects more detailed
information will become available in the near future. For
the remaining pulsars, data of six objects provide sufficient
spectral and/or temporal information to identify the ori-
gin of their X-ray emission (Becker & Tru¨mper 1999 and
references therein; Sakuray et al. 2001; Mineo et al. 2000).
Observations by Chandra and XMM-Newton have pro-
vided the missing spectral information for some of them
only recently (Kuiper et al. 2002; Zavlin et al. 2002, Becker
et al. 2002c).
The X-ray emission observed from PSR B1821−24,
PSR B1937+21 and PSR J0218+4232 (P ∼ 1.5 − 3 ms,
log E˙ ∼ 35 − 36 erg s−1) is produced by non-thermal
processes (Kawai & Saito 1999, Takahashi et al. 1998;
2001, Mineo et al. 2000, see also Nicastro et al. 2002,
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 1
kp Gauss
J0437  4715 bin p - p - - - 1:0  10
 9
33.62 30:86 30.3 9:50 5:75 2:0  10
 5
0.18 8:54
B1937 + 21 sol p - p - - - 7:1  10
 10
36.04  32:10 8:37 1:55 1:0  10
 4
3.60 8:61
B1821  24 sol, M28 p - p p - - 6:2  10
 10
36.35 33:24 7:48 3:05 1:6  10
 3
5.50 9:35
J0030+ 0451 sol p - p - - - 5:4  10
 10
33.53 30:56 30.26 9:88 4:86 1:0  10
 5
0.23 8:32
J2124  3358 sol p - p - - - 4:7  10
 10
33.55 30:35 29:8 9:86 4:93 1:1  10
 5
0.25 8:36
B1957 + 20 bin p - d - - - 4:1  10
 10
35.06 31:93 9:32 1:60 1:2  10
 5
1.53 8:14
J1024  0719 sol p - d - - - 3:6  10
 10
33.72 29:48 9:76 5:18 1:8  10
 5
0.35 8:49
J1744  1134 sol p - d - - - 2:4  10
 10
33.28 29:30 9:86 4:07 8:6  10
 6
0.26 8:27
J1012+ 5307 bin p - d - - - 1:2  10
 10
33.60 30:20 9:76 5:25 1:4  10
 5
0.52 8:45
J0218+ 4232 bin p - p - - ? 6:5  10
 11
35.37 32:75 8:66 2:32 8:0  10
 5
5.85 8:63
J0751+ 1807 bin p - d - - - 1:5  10
 11
33.88 31:60 9:84 3:47 8:0  10
 6
2.02 8:23
J0024  7205E bin, 47Tu p - d - - - 1:1  10
 11
34.50 30:6  8:47 3:53  3:0  10
 4
4.60  9:00
J0024  7204F sol, 47Tu p - d - - - 8:4  10
 12
34.40 30:5  8:34 2:63  2:1  10
 4
4.60  8:90
47TuS bin, 47Tu p - d - - - 30:2 2:83 4.60
J0023  7203J bin, 47Tu p - d - - - 8:4  10
 12
34.40 30:3  9:15 2:10  1:1  10
 4
4.60  8:69
J0024  7204O bin, 47Tu p - d - - - 8:4  10
 12
34.40 30:6  8:38 2:64  1:8  10
 4
4.60  8:84
J0024  7203U bin, 47Tu p - d - - - 5:3  10
 12
34.20 30:3  8:60 4:34  3:4  10
 4
4.60  9:07
J0024  7204N sol, 47Tu p - d - - - 4:2  10
 12
34.10 30:2  8:81 3:05  1:5  10
 4
4.60  8:84
J0024  7204I bin, 47Tu p - d - - - 2:7  10
 12
33.90 30:2  8:72 3:48  1:5  10
 4
4.60  8:84
J0024  7204G sol, 47Tu p - d - - - 1:6  10
 12
33.70 30:1  8:69 4:04  1:9  10
 4
4.60  8:95
J0024  7204D sol, 47Tu p - d - - - 1:6  10
 12
33.70 30:3  8:83 5:75  3:0  10
 4
4.60  9:11
J0023  7205M sol, 47Tu p - d - - - 1:1  10
 12
33.50 30:1  9:51 3:67  1:7  10
 4
4.60  8:90
J0024  7204H bin, 47Tu p - d - - - 5:3  10
 13
33.20 30:1  8:88 3:21  1:8  10
 4
4.60  8:90
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-ray wavebands, ordered a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E is the pulsar spin-down power I
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f
x
is the sum of the pulsed and unpulsed X-ray luminosity. L
puls
x
is the
pulsed luminosity; L
x
are alulated for the ROSAT energy range 0:1 2:4 keV. For referenes see Beker & Tr

umper (1997; 1999), Beker &
Pavlov (2002) and referenes therein, Grindlay et al. (2002). Radio pulsar parameters have been taken from Taylor et al. (1995), Navaro et
al. (1995), Bailes et al. (1997), Tosano et al. (1998), Tosano et al. (1999), Lommen et al. (2000), Camilo et al. (2000), Lange et al. (2001),
van Straten et al. (2001), Freire et al. (2001). Proper motion orreted period derivatives have been used for all those pulsars for whi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ee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an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Fig. 18. X-ray spectrum of the millisecond pulsar PSR 1821-
24 extracted from XTE data. A power-law spectrum yields a
valid description of the data of up to 20 keV (Saito, priv. com.).
these proceedings). This is concluded from their power-
law spectra (photon-index α ∼ 1.5− 2) and pulse profiles
with narrow peaks and pulsed fractions of up to ∼ 90%
(cf. Fig. 22). PSR B1821−24 was detected by RXTE up
to ∼ 20 keV (cf. Fig. 18). All these pulsars show relatively
hard X-ray emission, which made it possible to study some
of their emission properties already with ASCA, Bep-
poSAX and RXTE. For the remaining pulsars (P ≥ 4
ms, log E˙ ∼ 33− 34 erg s−1) the X-ray emission is found
to be much softer, which in the absence of definite spec-
tral information led to the conclusion that in these pulsars
thermal polar-cap emission dominates. The argument for
this second group being purely thermal emitters was that
their pulse profiles are broad, and that the pulsed fraction
is small (∼ 20 − 30%) in comparison to the non-thermal
sources (pulsed fraction ≥ 50−60%). The argument is not
unreasonable – thermal polar-cap emission should result in
broad sinusoidally modulated soft emission with a pulsed
fraction ≤ 50% (Pavlov & Zavlin 1998), whereas magneto-
spheric emission is expected to create narrow pulse-peaks
and large pulsed fractions.
But, of course, given the limited amount of data the
physical interpretation is not fully justified and therefore
not at all unique. Becker & Tru¨mper (1997; 1999) have
emphasized that the radiation cone confining the magne-
tospheric emission is likely to yield sharp peaks at one as-
pect angle but may be less well defined when viewed from
other directions producing a less strong modulation. Thus
a broad, weakly modulated pulse profile does not provide
unambiguous evidence for thermal emission. Indeed, based
on the Lx vs E˙ relation (most of the X-ray pulsars lie close
to the line Lx ∼ 10
−3E˙, cf. Becker & Tru¨mper 1997) one
can argue on phenomenological grounds that the X-ray
emission from all ms-pulsars is dominated by magneto-
spheric emission. The gross similarity between the X-ray
and radio pulse profiles is part of this argument.
For the nearest and brightest millisecond pulsar, PSR
J0437−4715, it was already evident in the ROSAT and
ASCA data that the X-ray emission consists at least of two
different spectral components. Either a two temperature
thermal model or a model composed of a blackbody (T ∼
1.2×106 K) and a power-law (photon-index α = 2.9) fitted
these data but also a broken power-law spectrum gives a
valid description (Becker & Tru¨mper 1999). The emitting
area deduced from the blackbody fits was found to be very
small (Rbb ∼ 510m(d/180 pc)), implying the existence of
relatively small hot-spots on the neutron star surface from
which the X-rays are emitted (Becker & Tru¨mper 1997;
1999).
Chandra observed PSR J0437−4715 in May 2000 (Za-
vlin et al. 2002, cf. also Zavlin et al. and Pavlov et al., these
proceedings). These data, together with the ROSAT data,
provide the most significant spectral information avail-
able from this pulsar by now and suggest the presence
of a power-law component and two thermal components
in the pulsar’s X-ray spectrum. The thermal components
are interpreted as emission from a hot polar cap, having
a non-uniform temperature distribution with a hot core
(Tcore = 2.1 × 10
6 K, Rcore = 0.12 km) and a cooler rim
(Trim = 0.54 × 10
6 K, Rrim ∼ 2.0 km). The power-law
component yields a photon index of α ∼ 2.2. The size of
the polar cap is found to be roughly in agreement with the
theoretical predictions. Defined as the area of open field
lines in which the bombardment by relativistic particles
is expected, it is Rpc = R(RΩ/c)
1/2. Assuming R = 10
km for the neutron star radius and Ω = 1.09 × 103 for
the pulsars angular frequency Rpc = 1.9 km. It is inter-
esting to mention that the pulsar spectrum measured by
Chandra is still consistent with a broken power-law with
properties similar to those fitted to ROSAT and ASCA
data by Becker & Tru¨mper (1999); NH = 0.3
+0.5
−0.2 cm
−2,
γ1 = 2.0 ± 0.2, γ2 = 3.6 ± 0.1 keV below and above the
break energy Eb = 1.1 ± 0.1 keV. Zavlin et al. (2002)
argue against the broken power-law model because of an
apparent discrepancy between the flux estimated from this
model and observed by EUVE DSI - despite a known
discrepancy in the cross-calibration between ROSAT and
EUVE. If the broken power-law model is relevant, and this
is not excluded presently by the Chandra data, it would
imply that the purely non-thermal pulsar spectrum would
bend down significantly in the X-ray band, which could
be due to a deficit of high-energy charged particles in the
pulsar’s magnetosphere.
A pulsar with spin parameters similar to those ob-
served in PSR 0437−4715 is the solitary ms-pulsar PSR
0030+0451 (cf. Table 4 and Fig.19). X-ray emission from
this pulsar was discovered during the final ROSAT PSPC
observations (Becker et al. 2000). Though the ”dying”
PSPC detector had lost most of its spectral capability
a timing analysis revealed strong X-ray pulsations with a
pulsed fraction of 69 ± 18%. This and the gross similar-
ity between the double peaked X-ray pulse profile and the
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Fig. 19. The X-ray sky around PSR J0030+0451 as seen by
the MOS1/2 detectors in the 0.3− 12 keV band. The position
of PSR J0030+0451 is marked. There is no evidence for any
extended emission.
Crab-like radio profile taken at 1.4 GHz suggested that
the X-rays from PSR 0030+0451 were most likely of non-
thermal origin, although its spin-parameters appear very
similar to those of PSR J0437−4715 suggesting a soft pul-
sar spectrum (Becker et al. 2000). It was therefore impor-
tant to observe this pulsar with XMM-Newton in order to
identify the emission mechanism by the spectrum rather
than from just the pulse profile and the similarity of the
spin-parameters with PSR J0437−4715.
PSR 0030+0451 was observed by XMM-Newton in
2001 June 19−20 for a duration of∼ 30 ksec. The MOS1/2
and the PN cameras were operated in full-frame and fast-
timing mode, respectively. The latter mode required to
constrain the satellite roll angle to 67−68 degrees in order
to prevent source confusion in the PN data (cf. §1). The
thin filters where used for the MOS1/2 and the PN cam-
eras in order to block stray light and optical leakage from
bright foreground stars. The observation is affected by
several soft-proton flares covering the whole observation.
Cleaning the data for the times of excessive background
reduced the effective exposure time to 17.8 ksec. For the
spectral analysis we selected all events in the MOS1/2
within a circle of 38 arcsec radius, containing ∼ 87% of
the encircled energy of a point source. The X-ray flux and
luminosity were corrected accordingly. The data are not
affected by pile-up.
Figure 20 shows the energy spectrum of PSR
0030+0451 observed with XMM-MOS1/2. The spectrum
is rather flat in the soft band. The pulsar is detected up
to ∼ 7 keV. Motivated by the results obtained for PSR
Fig. 20. X-ray spectrum of the millisecond pulsar PSR
J0030+0451 extracted from XMM data. The read and black
points correspond to data extracted from the MOS1 and MOS2
detectors, respectively. The data are fitted by a composite
model consisting of a blackbody and power-law model. The
residuals of the fits are shown at the bottom.
J0437−4715 we tested various thermal and non-thermal
spectral models such as blackbody and power-law mod-
els and combinations of them as well as broken- and
curved power-law spectra. A single blackbody model did
not yield a valid description of the spectrum because of
severe systematic deviations and a rather large reduced
χ2 of χ2ν = 1.4 (for 56 dof). In comparison to this, a single
power-law model fits the observed spectrum (χ2ν = 0.92
for 56 dof) but requires a high column absorption of
NH = (2.1− 3.46)× 10
21 cm−2 with a rather steep power-
law slope of α = (4.2 − 5.1) for the photon-index (90%
confidence range). For comparison, the column density
along the pulsar’s line of sight through the entire Galaxy
is just NH = 3× 10
20 cm−2 (Dickey and Lockman 1990).
Models consisting of a combination of a blackbody and a
power-law as well as of a two component blackbody model
all yield an acceptable description of the observed spec-
trum. For the blackbody plus power-law model (χ2ν = 0.87
for 54 dof) we obtain NH = (0 − 2.5) × 10
20 cm−2,
T = (2.2 − 2.7)× 106 K, Rbb = (50 − 100) m and a pho-
ton index of α = 2.65− 3.45 (90% confidence range). The
pulsar distance was assumed to be 0.23 kpc (Lommen et
al. 2000). The corresponding total flux and luminosity in
the 0.1–2.4 keV band is fx ∼ 5.7 × 10
−13 erg s−1cm−2
and Lx ∼ 3.6 × 10
30 erg s−1. For the 0.5–10 keV band
we compute fx ∼ 1.9 × 10
−13 erg s−1cm−2 and Lx ∼
1.2×1030 erg s−1, respectively. The two component black-
body model fits the spectrum with comparable quality and
yields NH = (0−1.9)×10
20 cm−2, Tbb1 = (2.6−3.7)×10
6
K, Tbb2 = (1 − 1.8) × 10
6 K, Rbb1 = (20 − 60) m and
Rbb2 = (130− 340) m. For the X-ray conversion efficiency
in the 0.1-2.4 keV band we find Lx/E˙ = 1.1 × 10
−3,
in agreement with the general trend found by Becker &
Tru¨mper (1997). In addition to these composite mod-
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els we tested a broken power-law and a curved power-
law spectrum (Fossati et al. 2000) either of which pro-
vides an excellent fit to the data (χ2ν = 0.93 for 55 dof
and χ2ν = 0.92 for 51 dof for the broken and curved
power-law model, respectively). Fixing the column ab-
sorption to zero, we find the spectral break point at
Eb = (0.97−1.28) and photon indices of α1 = (1.98−2.4)
and α2 = (3.88− 5.36), respectively. The unabsorbed flux
and luminosity obtained from this model for the 0.1–2.4
keV band are fx ∼ (4.3 − 6.8) × 10
−13 erg s−1cm−2 and
Lx ∼ (2.7−4.3)×10
30 erg s−1, respectively. For the 0.5-10
keV band we find fx ∼ (1.5 − 2.1) × 10
−13 erg s−1cm−2
and Lx ∼ (0.95− 1.3)× 10
30 erg s−1. The fitted parame-
ters are very similar to those found in the analysis of the
Chandra data of PSR J0437-4715. Broken power-law fits
thus provide an attractive alternative to describe the X-
ray spectrum of PSR J0437-4715 and PSR J0030+0451 in
a pure non-thermal scenario. More detailed results on the
spectral analysis are presented in Becker et al. (2002c).
The rotation period of PSR J0030+0451 is 4.86 ms.
The temporal resolution of the EPIC-PN camera in timing
mode is 0.03 ms and thus is sufficient to measure the pulse
profile and pulsed fraction as a function of photon energy.
To extract the events from PSR J0030+0451 we selected
an area of 8 × 199 pixel from the central CCD #4 of the
PN camera. According to the fractional encircled energy
this means that we sample about 70% of the point-spread
function in x- and 100% in y-direction. Applying the usual
corrections for the barycentering and the satellite orbit, a
strong pulsed signal is detected in the ∼ 0.3 − 2.5 keV
band. Below and beyond that bandwidth the cumulative
instrument and sky-background contribution per pixel ex-
ceeds that of the pulsar signal which prevents a detec-
tion at those energies (see Becker et al. 2002c for further
details). The pulse profiles obtained from events in the
0.3–1.0 keV, 1.0–2.5 keV and 0.3–2.5 keV bands are dis-
played in Fig.21. Each lightcurve shows two rather narrow
peaks which are separated in phase by ∼ 0.5. XMM thus
confirms our findings obtained in the final ROSAT obser-
vation (Becker et al. 2000). The pulsed fraction is found
to to be (49 ± 3)% in the 0.3 − 1.0 keV and (66 ± 12)%
in the 1.0 − 2.5 keV band (errors are 1σ) using a boot-
strap method (Swanepoel et al.,1996). For the 0.3 − 2.5
keV bandwidth we obtain 51 ± 3%. The gross similarity
between the X-ray and radio pulse profiles becomes even
more striking with these new pulse profiles obtained with
XMM. As can be seen in Fig.22, the peak separation of the
radio and X-ray lightcurves of PSR J0030+0451 appear to
be in agreement with each other, suggesting a close rela-
tion between the X-ray and radio emission mechanism. It
is evident that this holds for all the other pulse profiles
shown in the chart. It is straight forward to understand
this gross similarity in terms of a common non-thermal
emission mechanism but it is hard to understand how a
mixture of thermal and non-thermal emission mechanisms
can produce this similarity. In the case of PSR J0437-4715,
Fig. 21. Pulse profiles of PSR J0030+0451 observed by XMM-
Newton. Two full pulse cycles are shown for clarity. The profile
appears double peaked with a pulsed fraction of 50±3% in the
0.3− 2.5 keV band.
for which the broad X-ray pulse profile often is taken as an
additional argument for the thermal origin of its soft X-
radiation, it should be noted that also the radio emission
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has a duty cycle of ∼ 80% so that the radio pulse itself
appears rather broad.
In the light of these new results it will be interesting
to see the data from more millisecond pulsars observed by
XMM-Newton and Chandra in order to further explore
these interesting objects and their emission mechanisms.
6. Concluding remarks
In spite of the first impressive achievements summarized
above, lots of questions still remain. First, the evolution of
neutron stars, beginning with their violent birth in super-
nova explosions, is far from being well understood. Until
recently, a common prejudice had been that all neutron
stars are born as active, fast spinning rotation-powered
pulsars, which slow down their rotation, eventually stop
their activity and, after crossing a “death line”, get into
the “pulsar graveyard”. A former pulsar remains in the
graveyard forever, cool and quiet, unless it is captured by a
flying-by star (e.g., in a globular cluster) and forms a close
binary, where accretion onto the neutron star can spin it
up (recycle) to periods that short that it again becomes an
active pulsar. However, as the results from XMM-Newton
and Chandra have shown, it is likely that the picture is
not as simple as that. In particular, it appears that sev-
eral very young neutron stars (like those in Puppis-A and
RCW 103) are not active pulsars at all. Others are found
to have spin periods longer than the canonical limit of 4
seconds. Were those objects born with such a slow spin-
period or did they spin down rapidly after their formation
because of the presence of an ultra-strong magnetic field?
Or is it simply an unfavorable beaming which precludes to
see the pulsed emission? Since such objects are not seen
in radio, and are extremely faint in optical, they could not
be observed until the onset of the X-ray astronomy era,
which means that our perception of neutron star early evo-
lution was strongly biased in favor of much easier observ-
able radio pulsars. Why are many (perhaps, the majority
of) nascent neutron stars not active pulsars? Is it because
they are indeed magnetars, whose super-strong magnetic
field inhibits the pulsar activity? Or, on the contrary, are
their magnetic fields so weak and/or is their rotation so
slow that the pulsar does not turn on? Or is their pulsar
activity quenched by accretion of debris of the supernova
explosion? Are the (apparently young) anomalous X-ray
pulsars and soft gamma-ray repeaters indeed magnetars
or are their unusual observational properties due to quite
different reasons, like a residual disk?
Observing middle aged neutron stars at X-ray energies
has provided valuable information on the pulsars’ surface
temperature for some objects. The XMM data have pro-
vided further evidence that the surface temperature dis-
tribution is not uniform and several, at least two, thermal
components are required to describe the observed spec-
tra. The question remains what mechanisms are responsi-
ble for the non-uniform surface temperature distribution?
Is the presence of the strong magnetic field already suffi-
cient to channel the heat flow in the star to produce the
observed non-uniformity, or is it due to the presence of po-
lar caps which are heated by a bombardment of energetic
particles accelerated in the neutron star’s magnetosphere?
Other questions are related to the chemical composition
of the neutron star surface layer and the presence of a neu-
tron star atmosphere. Why does none of the data taken
so far show any direct evidence for the existence of a neu-
tron star atmosphere except 1E1207-5209 (cf. Pavlov et
al., these proceedings; Mereghetti et al., 2002 and refer-
ences therein)? No emission or absorption features are ob-
served in the LETG spectrum taken from the nearby iso-
lated neutron star RX J1856-3754, but a blackbody was
measured with very high accuracy (Burwitz et al. 2001;
cf. Pavlov et al.,these proceedings).
Crucial for building a consistent evolutionary scenario
of pulsar emission properties at X-ray energies are older
pulsars in the age bracket 106 − 107 years. What is the
dominant emission process producing their X-rays? Only
a few of these objects turn out to be bright enough to
be observable at all. None of them has been observed by
XMM-Newton or Chandra so far but a few objects are
scheduled for XMM’s AO1 (cf. Tab.2). These pulsars are
of particular importance for the study of particle acceler-
ation and high energy radiation processes on the neutron
star surface and in the magnetosphere. This is because of
their outstanding location in the P − P˙ parameter space,
where they are found in the area of strong magnetic fields
(∼ 1011 − 1012 G) but spin-down ages which are interme-
diate between the middle aged cooling neutron stars and
the very old ∼ 109 − 1010 years millisecond pulsars. Will
the thermal emission observed in cooling neutron stars
simply fade away with increasing age due to the neu-
tron star cooling or will the star be kept hot at about
(0.5 − 1) × 105 K over millions of years due to energy
dissipation by processes such as internal frictional heating
(E˙diss ∼ 10
28−1030 erg/s) and crust cracking or by vortex
pinning and creeping?
As far as millisecond pulsars are concerned, what
are the pulsar parameters which determine the relative
strength of the thermal and non-thermal emission com-
ponents? Or is the pulsar emission non-thermal for all
detected objects? Why do the pulse profiles observed in
the radio and X-ray bands show this strong gross similar-
ity, even when their X-ray emission appears to be emit-
ted mainly from heated polar-caps like proposed for PSR
J0437-4715? What is causing the relation between the
emission properties and energy spectra, which is observed
in the radio and X-ray band?
In this paper we have shown that observatories like
XMM-Newton provide very exciting new results on all
classes of neutron stars and that this observatory will be
able to provide the answer for many of the open questions
mentioned above. We are confident that XMM-Newton
and Chandra will have a similar strong impact on our
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Fig. 22. Integrated lightcurves for all ms-pulsars for which X-ray pulses have been detected. The upper panel phase histograms
show the pulse profiles for the energy bands noted. The radio profiles are shown in the lower panel for comparison. Two full pulse
cycles are shown for clarity. The relative phase between the radio and X-ray pulses is only known for PSR 1821-24, B1937+21,
0218+4232 and PSR J0437-4715. The phase alignment in all other cases is arbitrary due to the lack of accurate clock calibration.
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understanding of neutron star emission mechanisms as
ROSAT had few years ago. With respect to this it might
be worth to mention that we still use the soft photons de-
tected by ROSAT to explore the X-ray spectra of pulsars
because none of the new instruments can compete in the
soft band down to energies of 0.1 keV.
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